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Abstract
New tasks for industrial robots often require high stiﬀness or entail high reaction forces, which are currently provided by the robot structure itself.
This leads to heavy and expensive robot structures: designed for the main task, but oversized for positioning and movement tasks.
We propose a new approach to resolve these contradicting requirements: supporting the end eﬀector directly against the workpiece or its
surroundings, thus diverting the reaction forces away from the robot structure. We demonstrate this approach in a joining application and present
design methods for self-supporting robotic tools as well as potential industrial applications of this technique.
c© 2016 The Authors. Published by Elsevier B.V.
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Keywords: Automation; Robot Tool; Design Method; Compensation; Modular Design
1. Introduction
In assembly applications such as spot-welding or in robot-
based machining applications, robots have to contend with con-
ﬂicting requirements, mainly between dynamics and precision.
To illustrate this point, consider the generalized robot work-
cycle shown in ﬁg. 1. This robot cycle consists of ﬁve phases:
• part pickup, in which positional accuracy is the main re-
quirement
• part transport, in which acceleration an movement speed
are important
• part placement , in which positional accuracy is the main
requirement
• assembly or joining, in which forces may be required and
stiﬀness is a potential concern
• robot movement back to the pickup position, in which ac-
celeration an movement speed are important
The ﬁve phases can be sorted into two main groups: two phases
in which the dynamics of the robot are most important, and
three phases in which accuracy and force-bearing capabilities
are most important. Dynamics, accuracy and force-bearing are
usually at odds with each other, especially if one also consid-
ers the cost of a robot system: good dynamic behavior can be
achieved either through lightweight structures or through pow-
erful and expensive drives, while accuracy and strength require
stiﬀ, and usually heavy, robot structures.
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Fig. 1: a generalized robot assembly cycle
We propose a new way of dealing with this conﬂict of re-
quirements: self-supporting end eﬀectors. A self-supporting
end eﬀector is a robotic tool which can hold on to the work-
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(a) robot-supported (b) self-supported
Fig. 2: robot-supported and self-supported end eﬀector
piece or its surroundings, thereby shunting forces away from
the robot structure. This approach splits the complexity of the
task between robot and end eﬀector. The robot can be opti-
mized towards the movement and positioning tasks, while the
end eﬀector contributes strength and stiﬀness. A representation
of this concept is shown in ﬁgure 2: in a robot with a normal
end eﬀector, all forces have to be borne by the robot structure.
In a robot with a self-supporting end eﬀector the reaction-forces
from the robots tool are supported by the direct support to the
workpiece, relieving the robot structure.
2. Potential Applications
The concept of self-supporting end eﬀectors has potentially
interesting properties in a wide range of applications. As it re-
laxes the requirement on the robot to support all reaction forces
while ensuring accurate positioning, robots can be built lighter
and softer while still generating high process forces or ensuring
the required stiﬀness at the tool. This could lead to cost re-
ductions, as lighter, less powerful and therefore cheaper robots
could be used, even for large workspaces. As another aspect,
this concept enables the use of deliberately soft designed robots
in stiﬀness- and force-demanding tasks. Such application-
scenarios arise in the ﬁeld of human-robot-collaboration or in
the context of soft-robotics. The safety requirements human-
robot-interaction scenarios usually limit speeds and forces. By
allowing to apply stiﬀness and higher forces only at a few
places in a robot system, self-supporting end eﬀectors might
be a way to safely supply higher performance in those appli-
cations. This concept would also allow an integration of hand-
ling and processing tasks, as the end eﬀector could process the
workpiece while it is being handled. The work of Fleischer et.
al. [1] showed a large potential for this kind of application. Fi-
nally, self-supporting end-eﬀectors could extend the force- and
stiﬀness-envelope of current robots.
The self-supporting concept does not show much prospect
in applications with small force requirements, since the robots
force is most certainly suﬃcient in those applications. The con-
cept gets more interesting towards higher process forces. Once
the required process forces surpass the weight of the end ef-
fector, the robot has to be larger and heavier than needed to
position the end eﬀector. In this range the self-supporting con-
cept becomes potentially beneﬁcial. The usefulness in applica-
tions with very high force-requirements is limited by the reac-
tion forces that gripping elements can handle. This means that
the self-supporting concept seems most useful in the range of
medium to high forces.
Most industrial robots are considerably less stiﬀ than e.g.
milling machines. A self-supporting end eﬀector could supply
this stiﬀness for applications where it is beneﬁcial. As the end
eﬀector closes the ﬂux of force locally, it is reasonable to as-
sume that higher stiﬀness than in a robot can easily be reached.
To do work even while the robot is not moving, the end ef-
fector needs an actuator to generate force and movement. This
adds complexity and cost to the end eﬀector. The more degrees
of freedom (DoF) the application requires, the farther complex-
ity and cost rise. From this point of view it is preferable to look
into applications with low DoF, preferably uni-axial processes.
The extra actuator and the movement add another aspect to po-
tential applications: the end eﬀector has to supply the full range
of movement for the process. If this range is large, the end ef-
fector therefore needs to be large, which increases its weight.
On these grounds it is advised to use self-supporting end ef-
fectors in processes with a small movement range to keep the
weight of the end-eﬀector low.
In summary the self-supporting concept seems most beneﬁ-
cial for applications that fulﬁll the following characteristics:
• medium to high forces required or
• high stiﬀness required and
• preferably uni-axial movement with a small movement
range required
One example of this in the ﬁeld of assembly is the creation of
interference-ﬁt connections (high uni-axial force).
Riveting or spot-welding are two joining applications which
are already done with self-supporting end eﬀectors, as shown
in section 3. Some manufacturing processes, such as boring or
small area forming applications are candidates for this process.
In the further course of this paper a joining-application will be
considered to show the potential of this approach.
3. Current Approaches
The conﬂict of requirements between accuracy and dynam-
ics has inspired diﬀerent approaches to reach higher perfor-
mance in robots. Most of the approaches lead to changes in the
robot system, while others look at the end eﬀector to gain per-
formance. Some systems already implement a self-supporting
principle, e. g. in spot-welding and riveting applications as dis-
cussed below. In general, some approaches focus on the robot
control or robot structure while others shift the necessary com-
plexity for higher performance more toward the end eﬀector.
At the extremes stands either a very sophisticated robot with a
’dumb’ tool or a mobile robot [2] (as an extremely sophisticated
end eﬀector) moving over a static structure.
An obvious choice in applications that need large forces is
to use a specialized tool, such as a press. In applications which
beneﬁt from the ﬂexibility provided by a industrial robot, using
a heavy robot that is engineered to provide large forces is clearly
a possible solution.
Due to their high structural stiﬀness and low inertia, parallel
kinematic structures have been used for handling and assembly
tasks [3] and also have been suggested for machining tasks [4].
One current application with high stiﬀness requirements is
robot-based milling. Some applications in this ﬁeld are fea-
sible with self supporting end eﬀectors, e.g. boring. To deal
with the lower structural stiﬀness of industrial robots, diﬀerent
approaches were developed. Denkena & Lepper presented a
control-approach to compensate the static displacement [5]. To
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achieve this measurements of the process forces had to be taken
and a model for the stiﬀness of the robot was developed. Signif-
icant eﬀort had to be made in the modeling of robot structures
to enable these sophisticated control schemes (e.g. [6]). As a
robot-based machining system, a vertical-articulated robot with
external stiﬀeners was developed by the FILL GmbH [7]. Their
system adds external servo-dampers to an industrial robot, cre-
ating a stiﬀer hybrid robot while still retaining the versatility of
the industrial robot.
Robotic tools that can be classiﬁed as self-supporting al-
ready exist for spot-welding and riveting applications (for ex-
ample [8]). In both of these joining applications large forces
are involved, and the workpieces do not posses high stiﬀness
and can easily be deformed . The pincer-shaped or c-shaped
tools apply a large force to the workpiece while also holding
the workpiece in place. The design goal of these tools is not the
relief of the robot structure but the relief of the workpiece and
the generation of forces suﬃcient for the joining processes.
Hand tools for manufacturing processes which require large
forces use similar principles, for example welding- or riveting
tongs or magnetic drills used to drill holes on large steel struc-
tures.
A notable diﬀerent approach to generate large forces in a
robot-based assembly process ins presented by Wu¨rtz [9]. The
ROBOHAMMER shown in his work uses the momentum of
a pneumatically driven mass to provide high forces for short
periods of time. This is used to drive pins into holes on a work-
piece. This approach limits the forces that have to be supplied
by the robot, but is limited in the time a certain force can be
maintained.
4. Design of self-supporting end eﬀectors
In this chapter we present methods and concepts for the de-
sign of self-supporting end eﬀectors. The main functions of a
self-supporting end eﬀector are to support the tool for the ap-
plication, to generate movement and/or forces, to support these
forces and to hold on to a workpiece or its environment. The
self-supporting end eﬀector therefor consists at least of a tool
for the application, a frame, and a contact element which con-
nects to the workpiece or the environment. The end eﬀector can
also contain an active element to generate force and movement.
We have found three important areas, in which design decisions
need to be made that distinctly inﬂuence the performance of the
end eﬀector. These areas are the geometry of the end eﬀector,
the topology of the end eﬀector and the choice of physical ef-
fects used in the contact element to hold on to the workpiece.
4.1. Geometry
Depending on the application, there are a lot of suitable geo-
metrical conﬁgurations of an end eﬀector. Figure 3 shows three
important cases of this geometry. The geometry depends on
the choice of contact element as well as the application. Fig-
ure 3 shows two c-shaped cases and one ﬂat case. Either the
end eﬀector is c-shaped and supports itself on a ﬂat environ-
ment, or the environment is c-shaped and the end eﬀector ﬂat.
In the third case, a ﬂat end eﬀector on a ﬂat environment, a
force-bearing connecting element is required (e.g. tension if
the application involves compression forces).
(a) C-shaped
end eﬀector
(b) C-shaped
environment
(c) ﬂat
end eﬀector
Fig. 3: geometrical variations of the self-supporting principle
The process forces from the application and the reaction
forces, which are necessary at the contact elements, are linked
by the geometry of the end eﬀector. The geometry of the end
eﬀector dictates whether the process-forces of the application
are translated to normal forces or lateral forces on the contact
between the end eﬀector and the environment, which inﬂuences
the choice of the contact elements physical eﬀect. The angle be-
tween the plane of contact and the direction of process forces
deﬁnes which normal- and lateral forces will emerge at the con-
tact element.
4.2. Physical eﬀects
The task ”holding on to the workpiece or its environment”
is very similar to the task of a robot gripper. A robot gripper
for handling operations has to securely hold the workpiece, a
self-supporting end eﬀector has to securely hold on to its en-
vironment. Due to this similarity it makes sense to look into
physical principles of grippers to identify suitable physical ef-
fects to hold on to the workpiece. Monkman et. al. [10] orga-
nize gripping principles into four categories:
• Impactive Grippers
• Ingressive Grippers
• Contigutive Grippers
• Astrictive Grippers
Of these four categories the astrictive (e.g. magnetic or vac-
uum suction grippers) and impactive (e.g. clamping grippers)
gripping methods are best suited for the medium-to high force
applications considered in this paper. Contigutive grippers, for
example based on chemical or thermal adhesion (glues), can
be suited for some applications. Ingressive gripping methods,
such as needle grippers or brushes do not seem suitable due to
the low forces generated by these methods. Although the cor-
rect choice of the gripping principle depends on the application,
we have found that magnetic grippers and mechanical grippers
seem the most likely candidates for self-supporting end eﬀec-
tors. Vacuum suction grippers are also relevant, but potentially
need a large surface area to generate signiﬁcant forces.
4.3. Topology
A self-supporting end eﬀector has two main functional re-
quirements: to generate force and/or movement and to support
this movement against something. In general there are three
possible sources of movement:
• the robot
• the end eﬀector
• a peripheral element
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Table 1: exemplary structural concepts for a self-supporting end eﬀector
Support
robot end eﬀector end eﬀector periphery
through environment through workpiece
(A) (B) (C) (D)
periphery (1)
Actuator end eﬀector (2)
robot (3)
One of these elements has to generate the force or movement re-
quired to accomplish whatever process the end eﬀector is used
for. Using the robot to generate movement lessens the cost
and complexity of the end eﬀector since in this case no addi-
tional active component is needed. On the other hand this de-
sign choice might incur a signiﬁcant performance penalty, as
the robots movement and force-capability are limited. An addi-
tional active component in the end eﬀector or in a peripheral el-
ement allows this active component to be optimized toward the
process-speciﬁc requirements. This can result in much higher
overall performance.
A topology cannot be chosen by the placement of the active
component alone. A second property of a self-supporting end
eﬀector is the placement of the support-functionality. Support
can be generated in four ways:
• through the robot
• by the end eﬀector through the environment
• by the end eﬀector through the workpiece
• through the periphery
Supporting the process forces through the robot itself is the
conventional design method for robotic tools. Supporting pro-
cess forces through either the end eﬀector or through the periph-
ery is the self-supporting approach, while there is a signiﬁcant
distinction: the end eﬀector might conduct the forces directly to
the workpiece, or it can conduct the forces to the environment,
which in turn supports the workpiece. There can be beneﬁts in
utilizing the workpiece as support, for example in the form of
an integrated handling and machining operation.
These two dimensions in the design of self-supporting end
eﬀectors can be exploited to systematically compile structural
concepts for such end eﬀectors. Table 1 shows a matrix of pos-
sible combinations of these properties. An assesment of the
diﬀerent structural concepts in the context of the robots task is
performed based on these concepts to identify the correct struc-
ture for the self-supporting end eﬀector.
The correct structure of the end eﬀector depends on multiple
boundary conditions. In our proof of principle application the
structures D1 as well as B2 and C2 were identiﬁed as potentially
beneﬁcial.
5. Proof of Principle
In the following chapter the principle of a self-supporting
end eﬀector is applied in a sample application scenario. It is
intended to investigate the feasibility of a general self-support
in a real, speciﬁc application.
5.1. Application scenario
The chosen application is the assembly of a preform for a
multi-material lightweight structure by combining ﬂat semi-
ﬁnished parts made of metal (steel with high strength, DC01)
and ﬁber-reinforced thermoplastic (FRP) sheets (polyamide 6)
[11]. The parts are joint by fusion bonding: the thermoplastic
matrix of the FRP-part is melted by heat in the contact area to
the metallic part and generates a joint after cooling down un-
der deﬁned pressure and time. The target strength of the joint
is about 1 to 2 MPa. The assembly is a stacking process con-
sisting of repeated gripping, placing and joining operations to
build the hybrid preform and a transport operation to transfer
the preform into downstream processes (ﬁg 4).
The mentioned operations above can be consolidated into
two main functions: handling and joining. For the handling
operation standard vacuum grippers were chosen. The joining
technique was investigated by Lippky in advance [12]. There, it
has been shown, that fusion bonding can be well implemented
by inductive welding. The metal part is heated by an inductor
and melts the thermoplastic matrix of the plastic part. To get a
suﬃcient joining connection, which can transfer a force of 1 to
2 MPa, a joining pressure of about 0,5 MPa is required. Trans-
ferred to an intended joining area of 312.5 mm this corresponds
to a necessary joining force of 160 N.
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Scenario
S1
1.1
Cutting
1.3
Placing
1.4.x
Joining
1.5
Transport
1.6
Placing
Stock/
Buffer
Other
processes
1.2
Gripping
Hybrid
preform
n-times
Pre-assembly of semi-finished parts
Stacking process
Fig. 4: process chain for pre-assembling a multi-material preform
5.2. Functional demonstrator - concept I
In a ﬁrst experimental setup the stacking process was imple-
mented by an end eﬀector whose structure is shown in ﬁg. 5. It
(3) contains vacuum grippers (a) and inductive heating devices
(b). To be independent of the robot, the required joining force
was generated by an external pneumatic force-controlled press-
ing unit (1, 5), which spans the working area (4, 7). This con-
cept bases on the design concept D1, shown in chapter 4. In the
process the end eﬀector is initially positioned in the workspace
and then pressed on the joint. During the pressing process the
end eﬀector is decoupled from the robot by unlocking the tool
changer (2). The control of the pressing force is carried out by a
pneumatic control unit. The currently applied force in the join-
ing zone is detected by force sensors (6). Via a control valve,
the air pressure is adjusted.
2
3
4
5
6
7
a
b
1
Fig. 5: Concept I: self-supporting end eﬀector with external pressing unit [11];
(1:actuator support, 2: tool changer, 3: end eﬀector structure, 4: workpiece, 5:
pneumatic actuator, 6: force sensor, 7: workpiece support, a: vacuum grippers,
b: inductive heating device)
First feasibility tests showed, that the stacking process based
on this concept achieved reproducible joining results [11]. Due
to the ﬁxed arrangement of the external pressing unit, the setup
has poor accessibility and low ﬂexibility in sample geometry .
5.3. Concept II
Due to the mentioned disadvantages of the external pressing
unit, the force generation was integrated into the end eﬀector
in a second concept. Moreover, the end eﬀector was enabled
to hold on a component or a working surface by itself. So ad-
ditional supporting structures, which limit the working space,
could be omitted. This concept is based on the design concept
B2, shown in chapter 4.
3
4
5
6
2
1
6
Fig. 6: Concept II: self-supporting end eﬀector (1: magnetic grippers, 2: in-
ductive heating device, 3: vacuum grippers, 4: pneumatic actuators, 5: tool
changer, 6: force sensor)
During the design and implementation of the end eﬀector,
the pneumatically actuated force generation (4) was taken over
from the previous concept. To ensure the force transmission to
the parts, which are joined, and to the environment, a magnetic
gripping principle has been chosen. This involves the necessity
of a magnetizable surface. Despite of this restriction, alternative
grippers, like vacuum, were not applied, because the required
size for force transmission (F=200 N) would have greatly en-
larged the structure of the end eﬀector. The result is shown in
ﬁg. 6. This end eﬀector also contains the inductive heating de-
vice (2) present in concept I. Support is generated by magnetic
grippers (1), while vacuum grippers are attached to the end ef-
fector to hold FRP samples (3). The implemented end eﬀector
ist shown in ﬁg. 7.
5.4. Feasibility tests
Before attaching the demonstrator to a robot, the function of
self-supporting while generating the joining force was tested in
a feasibility test. For this purpose, the demonstrator was placed
onto a magnetizable steel plate. The magnetic grippers were
activated and the joining process was performed under pressure
control. The experiment cycle is divided into three steps: In
step 1 a preload force of 70 N is generated to ﬁx the joining
partners before joining. Then the force is increased until the
target force of 200 N is reached. During this step the inductor
heats the metal part and the thermoplastic melts. In step 3 the
joint cools down under a pressure of 70 N. This cycle was re-
peated 50 times. The force level was recorded by the pressure
control.
Fig. 8 shows an extracted force level of 10 repeating join-
ing cycles plotted over time. The preload, holding (both 70
N) and target level (200 N) are marked red. The holding force
of the magnetic gripper is suﬃciently high so that the joining
process does not fail by detaching of the gripper from the en-
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1
2
3
4
5
6
Fig. 7: Concept II: implemented end eﬀector (1: magnetic grippers, 2: inductive
heating device, 3: vacuum grippers, 4: pneumatic actuators, 5: tool changer, 6:
force sensor)
Fig. 8: Ten out of 50 recorded force levels; preload, target and holding force
marked red [11]
vironment. The evaluation of the measurement results shows a
mean target force of μ = 202, 98 N with a standard deviation
of σ = 1, 540 N. Under joining techniques viewpoints these
values are within the parameter limits, which ensure the joint.
6. Conclusion
In this paper a new approach for the design of robot tools for
high-force or high-stiﬀness applications was presented: sup-
porting the tool directly against the workpiece or its environ-
ment. The objective is to gain higher performance of robot sys-
tems without increase in the robots complexity. In high-force
applications with low degrees of freedom and small movement
ranges this concept could lead to the use of lighter, less costly
robots. Such applications exist for example in joining and as-
sembly tasks as well as robot based machining.
The usefulness of this approach was demonstrated in an ap-
plication regarding the preliminary joining of ﬁbre-reinforced
thermoplastic sheet material to steel. An end eﬀector with mag-
netic grippers to hold on to the workpiece and an actuated join-
ing apparatus was developed and demontrated. Design princi-
ples for self-supporting end eﬀectors as well as the design pro-
cess that led to the experimental end eﬀector were shown and
the self-support concept was validated.
Further work lies in the advanced experimental study of the
end eﬀector within the manufacturing process, as well as an
economical evaluation of the operation of the end eﬀector. In-
teresting prospective applications of the concept can be investi-
gated in the context of human-robot collaboration, as the robot
can be very soft and still apply high process forces through
the end eﬀector. This helps with the safety requirements for
these applications. Also, self-supporting end eﬀectors could be
utilized to integrate processing and handling tasks. A robot,
equipped with such a tool could join or assemble workpieces
while it transports them to a next processing step.
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